The relative rate at which ribosomal protein 51 (rpSl) mRNA is synthesized was measured by pulse-labeling cells in vivo with [3H]adenine. Two strains of Saccharomyces cerevisiae were compared: A364A (wild type) and ts368 (rna2), a temperature-sensitive strain in which the level of rp5l mRNA decreases and an intron-containing rpSl precursor RNA increases. When cells were shifted up to the nonpermissive temperature (36°C), the rate of rp5l RNA synthesis was only marginally affected (75% of wild type) by the presence of the rna2 mutation. The precursor RNA was the predominant transcription product at 36°C. This precursor could be converted into RNA equal in size to mature mRNA by further incubation at either 36 or 23°C in the presence of unlabeled adenine. The relative half-life of the rpSl transcripts at 36°C also decreased approximately twofold in ts368 as compared with A364A. All of these data imply that the precursor (introncontaining) RNA is processed inefficiently to mature mRNA and that the rp5l precursor RNA is continuously synthesized and degraded in the mutant strain at 360C.
The relative rate at which ribosomal protein 51 (rpSl) mRNA is synthesized was measured by pulse-labeling cells in vivo with [3H] adenine. Two strains of Saccharomyces cerevisiae were compared: A364A (wild type) and ts368 (rna2), a temperature-sensitive strain in which the level of rp5l mRNA decreases and an intron-containing rpSl precursor RNA increases. When cells were shifted up to the nonpermissive temperature (36°C), the rate of rp5l RNA synthesis was only marginally affected (75% of wild type) by the presence of the rna2 mutation. The precursor RNA was the predominant transcription product at 36°C. This precursor could be converted into RNA equal in size to mature mRNA by further incubation at either 36 or 23°C in the presence of unlabeled adenine. The relative half-life of the rpSl transcripts at 36°C also decreased approximately twofold in ts368 as compared with A364A. All of these data imply that the precursor (introncontaining) RNA is processed inefficiently to mature mRNA and that the rp5l precursor RNA is continuously synthesized and degraded in the mutant strain at 360C.
rna2 is one of a set of 11 nonallelic temperature-sensitive mutations in Saccharomyces cerevisiae originally identified by their failure to accumulate rRNA at the restrictive temperature (5) . Further analysis revealed that 10 of these mutations (rna2-rnall) share similar if not identical phenotypes. At the restrictive temperature, rRNA is synthesized but not processed, and is therefore rapidly degraded (9) . In contrast, the synthesis of other RNA species (tRNA and polyadenylated RNA) and overall protein synthesis are relatively unaffected (12) .
The absence of newly synthesized mature rRNA led Gorenstein and Warner (4) to investigate the fate of ribosomal protein (rp) synthesis in strains carrying these mutations. They demonstrated that the in vivo synthesis of most rp's decays to approximately 5 to 10% of wild-type levels and that this decay is coordinate (4) . They subsequently demonstrated that the decrease in rp synthesis is due to decreased levels of mature rp mRNA, since the same results were obtained by in vitro translation (11) .
Recently, the steady-state levels of four rp mRNAs in strain ts368 (rna2) were examined directly by using cloned rp sequences and Northern blots (8) . It was observed that the levels of two rna2-sensitive rp mRNAs decrease approximately 10-fold in strain ts368 after a shift to the nonpermissive temperature, consistent with the in vitro translation experiments (11) . Quite unexpectedly, it was also observed that, in each case, a larger RNA transcript appeared (8) . These observations were confirmed and extended to a larger set of rp genes in other laboratories (2; R. Planta, personal communication). S1 mapping and DNA sequence analysis of one of these genes (coding for rp5l) revealed that the larger RNAs differed from the mature mRNAs because they contained an unspliced intron (8) . This latter result raised the possibility that the primary effect of the rna2 mutation, and of other mutations in this series, is on the post-transcriptional processing of rp mRNAs.
A steady-state analysis of this kind, however, cannot indicate what effect the mutation has on transcription of rp genes. Indeed, it is possible that the primary effect of the mutation is on transcription, and the apparent effect on mRNA processing is a secondary consequence of the transcriptional defect. In this regard, it is of some interest that there is essentially no change in the level of either precursor RNA or residual mature mRNA after approximately 45 min at the restrictive temperature (8; unpublished data (15) .
When cultures were shifted from 36 to 23°C, the 36°C culture was rapidly mixed with 7/10 volume of medium at 9°C. Pulse-chase experiments were done as previously described (7).
Filter hybridization and gel ekectophoresis. Binding of plasmid DNA to filters (Millipore) and excess DNA filter hybridizations were performed as previously described (7) . Hybridized RNA was eluted from the filters by the method of Kindle and Firtel (6) . The combined washes were diluted 1:1 with sterile H20 and ethanol precipitated with 0.2 M sodium acetate and 20 ,g of yeast tRNA. Precipitated RNA was electrophoresed on a 3.5% polyacrylamide gel containing 7 M urea (10) . The gels were treated with En3Hance (New England Nuclear) before being exposed to Kodak XR5 film prefogged to an optical density of 0.1 to 0.2. The autoradiograms were quantitated with a Joyce-Loebl recording densitometer.
Northern gels. RNA was electrophoresed on 1.5% CH3Hg-agarose gels and transferred to diazobenzyloxymethyl paper. Electrophoresis, transfer, nicktranslation of plasmids, and hybridization were all performed as described by Golden et al. (3) .
RESULTS
Transcriptional rate of rpSl mRNA. Of the five rp genes isolated previously, three code for rp's whose synthesis is affected by the rna2 mutation (13) . One of these (rp5l) has been analyzed in some detail (8) . We therefore chose to compare the rate of synthesis of this rp mRNA in strain ts368 (rna2) and the parental strain A364A at both the permissive (23°C) and restrictive (36°C) temperatures. Meaningful comparison of rates of synthesis must take into account differences in pool specific activities. This is an even more important consideration for ts368, since at the restrictive temperature rRNA is continuously synthesized and degraded (7) . To circumvent this potential problem, we chose to compare the rp5l RNA rate of synthesis with that of an mRNA which is not affected by the rna2 mutation. The mRNA chosen was that encoded by plasmid pYll-10. This is an abundant mRNA which codes for a major yeast protein of unknown function (14) . Figure 1 shows the behavior of both the pY11-10 and rp5l RNA species when ts368 was shifted to the restrictive temperature under the exact conditions used in the later in vivo labeling experiments. As it does in rich medium, the level of mature rp5l mRNA decreased to approximately 10% of its level at 23°C, with a concomitant accumulation of the unprocessed transcripts (8) . In contrast, the steady-state level of pYll-10 mRNA was unaffected. pYll-10 thus provided a control by which changes in apparent rates of synthesis induced by the temperature shift or overall RNA metabolism in rna2 could be corrected.
The rate of rp5l RNA synthesis was measured by pulse-labeling ts368 and A364A for 10 min with [3H]adenine at 23°C or at various times after the cultures had been shifted to 36°C (see above). RNA was extracted and hybridized in excess DNA to filters to which either pYll-10 or rp5l DNA had been fixed. The results of this experiment are shown in Fig. 2 . The synthesis of rp5l RNA could be detected in ts368 even after it was grown for 3 h at the restrictive temperature. As expected, the synthesis of pyll-10 RNA could also be detected. The fraction of label hybridized to each DNA showed approximately the same response to a temperature shift; the apparent rate of synthesis increased approximately two-to threefold during the first 60 min, after which time it remained relatively constant.
The results of the same experiment with RNA from wild-type cells (A364A) are also shown (Fig. 2 ). It appears that the rates of synthesis for both RNAs decreased slightly immediately after the shift up in temperature. The rates then rose until 60 min after the shift; they then remained relatively constant. We did not investigate in any detail the differences in initial temperature response between the two strains. Therefore, we do not know whether they are significant or merely reflect differences in nucleotide metabolism. We did, however, estimate the relative rate of rp5l RNA synthesis by comparing the ratio of the fraction of radioactive label hybridized to rp5l DNA with that hybridized to pYll-10 DNA (Fig. 3) . The relative rate of rp5l RNA synthesis in ts368 was comparable with that in A364A. This ratio was approximately 0.33 in ts368 and approximately 0.44 in A364A. Thus, at the nonpermissive temperature rp5l RNA is transcribed at a rate similar to that in wild-type cells (approximately 75%).
Precursor product relationships. The preceding experiments suggest that the rna2 mutation has only a minor effect on the relative rate of rp5l transcription. This observation, coupled with the previous finding that an unprocessed rp51 transcript accumulates in ts368 (8) , is consistent with the interpretation that the rna2 mutation acts at the post-transcriptional level, specifically at the level of mRNA processing. A corollary of this hypothesis is that a precursorproduct relationship exists between the two rp51 transcripts.
To verify this prediction, we performed pulsechase experiments. ts368 cells were grown at the restrictive temperature for 1 h and then pulselabeled with [VH]adenine for 10 min, at which time unlabeled adenine was added. RNA was extracted from the cells immediately before and 20 and 40 min after the addition of unlabeled adenine. The RNA was hybridized to filters containing rp51 DNA, eluted, and visualized on sodium dodecyl sulfate-urea-polyacrylamide gels (see above) (Fig. 4) . The efficacy of the chase was determined by monitoring both the incorporation of label into trichloroacetic acidprecipitable counts and the specific activity of the RNA after extraction. By both of these criteria, a chase became effective within 2 to 5 min after the addition of unlabeled adenine (data not shown).
An autoradiogram of the rpSl transcripts obtained from A364A after a 10-min pulse at the permissive temperature is shown in Fig. 4a 10 min at 23°C. A second culture was grown at 36°C for 1 h and similarly labeled. After the 10-min pulse, excess unlabeled adenine was added to the 36°C culture. The culture was then split into two portions. The first portion was left at the restrictive temperature. Samples were removed from this culture immediately before and 20 and 40 min after the addition of the unlabeled adenine. The second portion of the culture was maintained at 36°C for 10 min after addition of the unlabeled adenine. The culture was then rapidly equilibrated to 23°C, and samples were removed 10 or 20 min after the downshift. RNA was extracted from all of the samples and hybridized to rpSl DNA fixed to nitrocellulose filters. After hybridization, the RNA was eluted and electrophoresed on sodium dodecyl sulfate-urea-acrylamide gels (see the text.) Approximately 6,000 to 7,000 cpm were applied to each lane. After being fluorographed, the gels were exposed for 1 Fig. 4 (lanes b-f) Fig. 4c and d . These results are presented semiquantitatively in Fig. 5 , which shows the densometric tracings of the gel. By 20 min, approximately 40%o of the precursor, and by 40 min all of the precursor, had disappeared. In addition, a considerable amount of radioactivity was present in the mature mRNA transcripts. The data suggest that the rp5l transcript which accumulated in ts368 cells is the precursor of the mature rp5l transcripts. They also show that processing does continue, albeit poorly, in ts368 cells at the restrictive temperature. This result may explain the observation that mature rp mRNA, as assayed by either in vitro translation or Northern gels, does not totally disappear in the mutant strain, but rather stabilizes at approximately 10 to 20%o of normal levels (8, 11) .
In the same series of experiments, we attempted to determine whether the temperaturesensitive processing block was reversible. A culture of ts368 cells growing at 36°C was pulselabeled for 10 min at 360C, chased for 10 min at 360C, and rapidly equilibrated to 230C. RNA was analyzed 10 and 20 min after the downshift (Fig.  4 and 5 , panels e and f). Precursor RNA could still be detected 10 min after the downshift (Fig.  4e) . The amount of this species, as determined by quantitation of the gels (Fig. Se) , was approximately 15% of the rpSl hybridizable material. By comparison, the amount of mature mRNA present after a 20-min chase at the restrictive temperature was approximately 40%o of the total rp5l DNA hybridizable material (Fig. 4 and 5,  c) . These results suggest that although processing is somewhat faster after a shift-down to 23°C than it is at 360C, it is not as fast as in wild-type cells. (The virtual absence of rpSl precursor RNA under wild-type conditions implies that processing is normally an extremely rapid event.) This suggests that the temperature-sensitive lesion is not immediately reversible.
Half-lives of rpSl transcripts. We have shown that the synthesis of rp5l transcripts in strain ts368 is comparable to that observed in wildtype cells (Fig. 2 and 3) . Our previous observations suggested, however, that the combined steady-state levels of rp5l mRNA and its precursor in the mutant ts368 strain are reduced relative to the steady-state levels of rp5l mRNA in wild-type cells. Quantitation of several Northern gels such as the one shown in Fig. 1 revealed that the steady-state level of rp5l precursor RNA plus mature mRNA in ts368 cells at the restrictive temperature was approximately 20 to 40%o of the steady state level of rp5l mRNA in wild-type cells (data not shown). These data together suggest that the rpSl RNA must be turning over more rapidly in the ts368 strain at 36°C than in the A364A strain. To verify this conclusion, we determined the half-life of rpSl transcripts in both the A364A and ts368 strains at 36°C by pulse-chase experiments (see above) (Fig. 6) . The half-lives of rpSl RNA in strains A364A and ts368, respectively, are shown ( Fig.  6A and C) . From these data we conclude that the half-life of rp5l RNA in A364A cells is approximately 18 min, whereas in ts368 cells it is somewhat shorter, approximately 12 min.
Also shown is the half-life of pYll-10 RNA in the two strains. In strain A364A (Fig. 6B ) the half-life was about 25 min, and in ts368 cells it was somewhat longer, approximately 35 min ( Figure 6D ). If we assume that the difference in the half-life of pYll-10 RNA between the two strains reflects differences due to general effects on RNA metabolism (the steady-state level of pYll-10 mRNA did not change), then perhaps a more relevant measure of the change in the rp5l RNA half-life can be made by comparing the ratio of the half-lives of rp5l RNA to pYll-10 RNA in the two strains. This ratio was 0.72 in strain A364A and 0.34 in strain ts368. Thus, the relative half-life of rp5l transcripts in strain ts368 is approximately 50% of that in strain A364A. Comparisons between strains A364A and ts368 are somewhat complicated by the fact that in A364A cells there was effectively a single transcript, the mature mRNA, whereas in ts368 cells there existed both a low level of the same mature mRNA and a substantial amount of precursor RNA (8) . Therefore, measurements of synthesis and turnover rates in ts368 cells accounted for both of these molecular forms. For synthesis, the experiments (Fig. 4b) indicated that the precursor RNA is the predominant newly synthesized transcript in ts368 cells at the nonpermissive temperature. The interpretation is less clear, however, for the turnover rates in this strain, since the studies (Fig. 6C ) measured a combined turnover rate for both the precursor and the mature mRNAs. The data ( Fig. 4c and d) suggest that the precursor RNA disappears somewhat faster than a 12-min half-life (Fig. 6C ) would indicate. Presumably this means that the mature mRNA has a half-life somewhat greater than 12 min. Clearly, both the synthesis rate and half-life of precursor RNA might be extremely difficult to estimate if the rate of synthesis or turnover was extremely rapid.
DISCUSSION
These minor quantitative considerations cannot, however, account for the major effect of rna2 on rpSl RNA, the dramatic (greater than 100-fold; unpublished data) increase in the concentration of the rpSl intron-containing transcripts (8) . The fact that these transcripts were synthesized relatively normally under nonper-missive conditions (Fig. 4) indicates that processing, and not synthesis, is the major defect in ts368 cells. Therefore, the inefficient processing of the rp5l intron is not a secondary consequence of a transcriptional block. An intriguing explanation for the apparent specificity of strain ts368 for rp genes is the possibility that most or all of these genes, in contrast to most yeast genes, contain introns (2, 8; R. Planta, personal communication). This question and others like it will only be answered when additional rp genes and other intron-containing genes have been examined in detail.
